Abstract-Novel three-phase high-quality multi-resonant rectifiers, operating at constant switching frequency are proposed. The input diode-bridge and two switches in these rectifiers operate under zero-current switching (ZCS) condition, while the dc-side diode operates under zero-voltage switching (ZVS) condition. The voltage stress on the devices is independent of the variations in load-current. The proposed rectifiers emulate resistive characteristics resulting in high-quality input current and are suitable for applications in which high efficiency and high power density are required. Also, output power can be controlled from zero to the rated. The validity of proposed concept is verified by taking an example of three-phase boosttype multi-resonant rectifier circuit. Averaged model of this circuit is derived. Performance of the circuit is predicted by simulating it on SABER. A laboratory prototype delivering 1kW at 250 volts from 120 V rms (L-L) is designed and developed. The simulation results are verified experimentally.
INTRODUCTION
Three-phase high-power-factor rectification using a single switch offers many advantages over conventional three-phase six-switch ac-to-dc rectifier. The advantages include simplicity, reliability, and better semiconductor utilization. Due to these advantages many single-transistor three-phase acto-dc converter topologies were introduced in the course of time [1] [2] [3] [4] [5] [6] . Pulse width modulated (PWM) three-phase singletransistor ac-dc buck and boost converter topologies with hard switching were introduced in [1] . Quasi-resonant variable switching frequency controlled buck topologies with zerocurrent switching have been introduced in [2] and [3] . The quasi-resonant zero-current switching techniques are particularly advantageous for IGBTs because, it results in mitigation of the effects of current tail phenomenon. With zero-current switching, IGBTs can be operated at high switching frequency with reduced switching losses. This results in higher efficiency and power density. Multi-resonant variable switching frequency controlled buck and boost converter topologies with zero-current switching were reported in [4] and [5] respectively. The multi-resonant schemes showed great promise over quasi-resonant schemes. The buck-type multi-resonant scheme has a wide operating load range and low voltage and current stress on the switch, which is not the case in quasi-resonant buck converter. Moreover, the input and output currents are continuous. In case of boost-type multi-resonant scheme the peak voltage and current stresses on the semiconductors are insensitive to the variation in load. This is not the case with boost-type quasiresonant duty-cycle controlled Zero-voltage switching rectifier of [6] , which exhibits high-peak transistor voltage stress due to load-current variations. However, the quasi-resonant buck, multi-resonant buck as well as boost schemes suffer from the fact that their switching frequency is load dependent. Load dependent switching frequency results in many disadvantages such as:
Non-Optimal utilization of magnetic components. This results in decrease in power density.
Difficult to handle the generated noise (conducted and radiated).
Operation at constant switching frequency may be imposed by the system requirements.
In the boost-type multi-resonant scheme [5] , the input current is discontinuous and switching frequency is load dependent. As a result, optimum utilization of input high frequency electromagnetic interference (EMI) filter is not possible. This filter is necessary to filter out high frequency components of the input current. Due to this reason, total harmonic distortion (THD) of input line currents severely increases under light load conditions. Thus, it becomes highly inefficient to operate the rectifier under light load conditions. The objective of this paper is to overcome the above mentioned disadvantages of single resonant-switch variable switching frequency controlled three-phase high power factor rectifiers.
In this paper, a new class of three-phase low-distortion constant-switching-frequency controlled rectifiers is introduced. In these rectifiers two active switches and diodes used in the input bridge are switched under zero-current condition. Fig. 1(a) shows the proposed three-phase constant switching frequency controlled multi-resonant cell with an input filter, while Fig. 1(b) shows the input boost inductor ( a L ) current along with its average value ( af i ). The proposed multi-resonant cell is obtained by introducing a switch ( 2 S ) and a safety diode ( safety D ) to the parent multi-resonant rectifier cell reported in [5] . The peak value of the quasisinusoidal pulses of current shown in Fig. 1(b) can be varied by varying the delay time between the turn-ON instants of 1 S and 2 S . (It should be noted that the proposed control strategy is different from asymmetrical PWM control reported in [7] ). ON time of switch 1 S , as well as the switching frequency of 1 S and 2 S are kept constant through out the operation of the converter.
II. A NEW CLASS OF LOW-DISTORTION THREE-PHASE ZCS
MULTI-RESONANT CONSTANT SWITCHIG FREQUENCY CONTROLLED RECTIFIERS Fig. 2(b) shows the proposed boost-type rectifier circuit obtained by introducing a switch and a safety diode to the parent multi-resonant boost-type rectifier reported in [5] . This modification results in constant switching frequency operation and capability to control output power from zero to full load. Since the switching frequency is load independent, optimum utilization of input high frequency EMI filter is possible. Due to this reason quality of input currents improves considerably over the entire range of rectifier operation. The proposed concept of constant switching frequency control can be applied to other topologies as well. Two such topologies are shown in Fig. 3 .
III. PRINCIPLE OF OPERATION
For the rectifier shown in Fig. 2(a) the values of circuit elements ( r r C L , and input boost inductors) are chosen in such a way that zero-current switching condition for 1 S is satisfied under full load and at a specified switching frequency. Under this condition, the time interval for which input boost inductors charge linearly is fixed and cannot be varied. Thus for controlling the output power, switching frequency has to be varied. In order to vary the output power while keeping the switching frequency constant, the time interval for which input boost inductors charge linearly has to be varied. Adding control switch 2 S as shown in Fig. 2 (b) makes this feature possible. If 2 S is permanently ON, the operation of proposed rectifier is same as that of the parent rectifier of Fig. 2(a) . In that case, the output power corresponds to full load. It is found that output power decreases by increasing the delay between the turn-ON instants of 1 S and 2 S . If the delay angle α (
) is zero, then output power is equal to full load power, and for π = α 2 output power is zero. It should be noted that the proposed modification does not affect the zerocurrent switching property of 1 S . In fact the zero current switching property of 1 S gets enhanced with increase in α . S is turned OFF when a finite current is flowing through it. This could happen during transient conditions.
IV. MODES OF OPERATION
In this section, constant switching frequency controlled three-phase zero-current switching multi-resonant high-powerfactor rectifier show in Fig. 2(b) is analyzed. The three-phase voltages are assumed to be balanced and symmetric with a peak value of m V . The frequency of supply voltage is assumed to be much lower than the switching frequency of the rectifier. The circuit functions as a high power factor low-harmonic rectifier based on the concept that the peak of input-line current is proportional to input-phase voltage. Thus, low frequency component of input-line current follow approximately the input-phase voltages. The rectifier circuit can be simplified by considering the operating point at time 2 / π = t of three-phase input voltage source. The resulting single-phase equivalent circuit of the rectifier is shown in Fig. 4 , which is used to explain various modes of operation of the circuit.
The equivalent circuits for different modes of operation are shown in Fig. 5(a) . Fig. 5(b) shows ideal switching waveforms of the rectifier for π < α < 0 . The proposed circuit has six modes of operation in a switching cycle. Detailed description of each mode of operation of the circuit for π < α < 0 is given below. It should be noted that simulation studies are carried out for all three possible values of α . That is, for 0 = α , π < α < 0 , and π < α < π 2 . Interval 0: (t 0 ≤ t ≤ t 1 ): In this interval, 1 S is ON and all other switches are OFF. The tank inductor r L and tank capacitor r C form a resonant tank circuit. The duration of this interval is the control variable. This is used to control the average value of the tank inductor current r L i , which is equal to the load current. This interval ends when 2 S is turned ON under zero-current condition. The circuit equations are: i is equal to the source current (Phase 'a' current). At this instant current through 1 S becomes zero and hence, it can be turned OFF. The circuit equations are: Fig. 5(b) that the current flowing through 1 S has two zero crossings. The circuit equations are: ( )
Where, 
Where 2 a i is the initial value of a i at the start of interval 4.
Interval 5: (t 5 ≤ t ≤ t 6 ): In this interval current through tank inductor r L and voltage across r C are zero. This mode ends when 2 S is turned OFF under ZC condition. At this instant 1 S is turned on and the next switching cycle starts.
V. AVERAGED MODEL OF THE PROPOSED MULTI-RESONANT BOOST-TYPE RECTIFIER
Average model of the proposed rectifier shown in Fig. 2 Using (10), (11), and (12) it can be proved that for switch 1 S to operate under zero-current switching, following condition should be satisfied:
Where, α = ) ( (14) and equating it to zero, the duration of interval 3 can be determined. This duration is given by: 
Where,
Value of source current a i at the end of interval 3 is given by,
The source current reaches zero at the end of interval 4. Substituting this condition in (15) and equating it to zero, the duration of interval 4 can be determined. This is given by:
Knowing the values of γ , δ , and θ the average values of voltages and currents of the average model of the rectifier shown in Fig. 6 are calculated [8] as follows: Where, s T is the switching time period.
The state equations of average model of the proposed rectifier are given by:
At steady state,
VI. DESIGN PROCEDURE Using the above model a procedure to determine the values of various passive elements of the circuit ( a L , r L , r C ) for required output power and voltage is given below:
Step 1:
), δ , and θ are calculated using (16), (17), and (18) respectively.
Step 2: Required value of s T ω is found such that (26) is satisfied under steady state condition.
Step 3: Required magnitude of average output current (
) is obtained using (23), (24) and (25) by selecting suitable value for 0 R .
Step 4: For desired switching frequency, the values of r L and r C are calculated using 0 R and s T ω . Using these values and for any new value of α , average output current ) ( o I can be obtained by repeating step 1 and step 3. 
VII. SIMULATION RESULTS
The proposed constant switching frequency controlled boost-type rectifier shown in Fig. 2 
and load voltage is maintained at 1000 V. Switching frequency of 1 S and 2 S , and ON time of 1 S are kept constant at 37 kHz and 11.5µS respectively. Fig. 8(a-c) shows the various simulated waveforms of the rectifier for α =0, 1.767 and 4.596 radians respectively. Fig. 9(a) and (b) show the input phase voltage, filtered and unfiltered line-currents, and harmonic spectrum of filtered line-current for α =0 and 121 . 2 = α radians respectively. The corresponding values of output power are 9.5 kW and 4.3kW respectively. The THD in source current for these two cases are 7.3% and 9.4% respectively.
VIII. COMPARISON OF SOURCE CURRENT TOTAL HARMONIC DISTORTION AND CONVERTER EFFICIENCY UNDER VARIABLE AND CONSTANT SWITCHING FREQUENCY OPERATIONS
Total harmonic distortion of filtered input line current and converter efficiency under constant and variable switching frequency operation are compared. These comparisons for different values of output power are shown in Fig. 10(a) and (b) respectively. These comparisons are made for the same values of circuit and input filter components, and output voltage. From the graph it can be concluded that optimum utilization of input high frequency filter leads to superior performance of the rectifier under constant switching frequency operation. For better understanding, Fig. 11 shows the input line current waveform under variable and constant switching frequency operation for the output power of 5.6 kW. It can be seen that input current waveform is superior under constant switching frequency operation. Also, it was found that under variable switching frequency operation, zerocurrent switching of 1 S is not possible if the load on the converter is reduced to below 75% of the rated. This is not the case with the proposed converter. This converter can be operated under zero-current condition from no load to full load. 
IX. EXPERIMENTAL RESULTS
In order to validate the simulated results, a laboratory prototype of the boost-type circuit shown in Fig. 2(b) is designed and fabricated. The converter is designed to operate from a three-phase 120 V rms (L-L) source and can supply a load of 1kW at 250V. The switching frequency of the converter is maintained at 25kHz and the component values are:
A Eupec manufactured BSM 50GB 120DN2 twin IGBT module is used for 1 S and 2 S , and international rectifier 60EPF06 diodes for three-phase diode bridge rectifier. The various waveforms obtained from the prototype are shown in Fig. 12(a-g) . The waveforms are taken for α =1.9 radians. From Fig. 14(f) it can be observed that source voltage waveform is distorted. This has affected the source current waveform. It can be observed that the waveforms obtained from the prototype closely resemble the simulated waveforms. Figure 12(g). Measured Phase 'a' current (filtered) and its frequency spectrum.
X. CONCLUSION
A new class of constant switching frequency controlled multi-resonant rectifiers is introduced. The proposed rectifiers emulate resistive input characteristics resulting in high-quality input line currents. All the active devices are soft switched. In addition PWM can be used without any additional current and voltage stresses, in comparison with the parent variable frequency rectifiers from which they are derived. Since the switching frequency is held constant, optimum utilization of input high frequency filter is possible. This results in high fullload and partial-load efficiencies. The proposed concept can be easily incorporated in the existing variable switching frequency controlled rectifiers with minor modifications in power and control circuit. A boost-type example circuit is theoretically analyzed and supported with simulation results. Averaged model of the boost-type circuit is derived and presented. Furthermore, a prototype of the boost-type circuit is designed and fabricated to provide experimental verification.
